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Inter-hemispheric asymmetryArea F5c is a monkey premotor area housingmirror neuronswhich respondsmore strongly to grasping observa-
tionwhen the actor is visible thanwhen only the actor's hand is visible. Herewe used this characteristic fMRI sig-
nature of F5c in seven imaging experiments – one in macaque monkeys and six in humans – to identify the
human homologue of monkey F5c. By presenting the two grasping actions (actor, hand) and varying the low
level visual characteristics, we localized a putative human homologue of area F5c (phF5c) in the inferior part
of precentral sulcus, bilaterally. In contrast to monkey F5c, phF5c is asymmetric, with a right-sided bias, and is
activatedmore strongly during the observation of the later stages of graspingwhen the hand is close to the object.
The latter characteristic might be related to the emergence, in humans, of the capacity to precisely copy motor
acts performed by others, and thus imitation.
© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Introduction
Ventral premotor area F5 is involved in planning actions, using visual
and other sensory inputs. Traditionally, it is thought to house two types
of visuomotor neurons: canonical neurons responsive to the presenta-
tion of 3D objects (Murata et al., 1997) andmirror neurons active during
the execution of speciﬁcmotor acts and during the observation of similar
motor acts performed by other individuals (Gallese et al., 1996). Area
F5 comprises three distinct cytoarchitectonic sectors: F5p, F5a and F5c
(Belmalih et al., 2009). It was generally accepted (for review see
Rizzolatti et al., 2014) that canonical and mirror neurons were
prevalent in areas F5p and F5c respectively. A recent study, using
multi-electrode arrays to record froma large sample of neurons, showed,
however, that mirror and canonical neurons are located in both F5c and
F5p, with only a tendency for mirror neurons to be more frequent in F5c
than F5p (Bonini et al., 2014). These electrophysiological ﬁndings are
consistent with fMRI data showing that F5c, F5a, and to a lesser degree
F5p, are all activated during grasping observation (Nelissen et al.,
2005). The latter study also revealed that, area F5c, unlike F5a and F5p,
is more strongly activated when the stimuli show a person grasping an
object rather thanmerely the hand grasping it. On the basis of theseﬁnd-
ings and the connection of F5c with PFG, an inferior parietal lobule area
involved in understanding motor intention (Fogassi et al., 2005), it has, Via Volturno 39, 43100 Parma,
an).
. This is an open access article underbeen suggested that area F5c is involved in understanding the goal of
and the intention behind an observed motor act.
Can one functionally localize the different sectors of area F5 – and
F5c in particular – in humans? Many imaging studies have demonstrat-
ed that, as in the monkey, human ventral premotor cortex becomes
active during action observation (Aziz-Zadeh et al., 2006; Buccino
et al., 2001; Caspers et al., 2010; Gazzola et al., 2007; Grafton et al.,
1996; Grosbras et al., 2012; Iacoboni et al., 1999; Jastorff et al., 2010;
Molenberghs et al., 2012; Rizzolatti et al., 1996b; Van Overwalle and
Baetens, 2009). While it is likely that the activated regions included
the homologue of F5c, they did not identify this homologue. Recently
Neubert et al. (2014) used diffusion tensor imaging (DTI) in humans
and monkeys in an attempt to localize the human homologue of F5
based on its connections. The degree to which DTI allows following
cortical ﬁbers into the cortical mantle, however, is presently unclear
(Van Essen et al., 2014). Hence, some caution is required when
interpreting such comparative DTI studies. Neubert et al. (2014)
subdivided human PMv into two parts, 6v and 6r, which they tentative-
ly identiﬁed as the homologues of monkey F5c and F5a, leaving F4 and
F5p unaccounted for.
Here we adopt a different strategy for identifying the homologue of
F5c, using monkey fMRI as the link between monkey single neuron
studies and human fMRI studies (Orban, 2002). This strategy, used
previously to locate areas housing gradient-selective neurons encoding
3D shape, in human cortex (Orban, 2011; Vanduffel et al., 2014), con-
sists of two steps. The ﬁrst is to deﬁne an fMRI paradigm that uniquely
activates a given monkey cortical region, using a property of the neu-
rons housed in that area, in this case the overall responsiveness of F5cthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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humans, looking for activated cortical regions. We applied this strategy
to F5c, using videos similar to those of Nelissen et al. (2005) and exam-
ined human frontal cortex for the interaction between the factors action
and person, an fMRI characteristic of monkey F5c. The series of fMRI
experiments reported here revealed bilateral interaction sites in
human ventral premotor cortex (PMv), which we propose as putative
homologue of area F5c (phF5c).Material and methods
Subjects
The seven fMRI experiments (four main and three supplementary
experiments) used 54 human volunteers and 3 monkeys. Eighteen
right-handed volunteers (13 females) with a mean age of 24.2 ±
3.6 years (range 18 to 30 years) participated in the Leuven component
of the study (Experiments 1 & S1). Thirty six right handed volunteers
(14 females) with a mean age of 22.9 ± 3.5 years (range 19 to
31 years) participated in the Parma component of the study (Experi-
ments 3–4, S2–3). No participant reported a history of neurological
disease or was taking psycho- or vasoactive medication. Participants
were informed about the experimental procedures and provided
written informed consent. The study design was approved by the local
Ethics Committee of Biomedical Research at KU Leuven and the
Provincia of Parma and performed in accordance with the ethical
standards laid down in the 1964 Declaration of Helsinki.
One female (M13) and two male (M17, M18) rhesus monkeys
(Macaca mulatta, 3–5 kg, 3–5 years of age) also participated in the
Leuven component of the study (Experiment 2). All animal care
and experimental procedures met the national and European
guidelines and were approved by the Ethical committee of the KU
Leuven.Fig. 1. Factorial design (a) and the two types of action video in old (b, c) and new (d, e) action
shown: frames near themiddle of the video in a, c, andmultiple frames showing the pre-shapin
dots in d indicate the positions of theﬁxation point (red in the actual experiments) relative to th
green dots: Experiments 3–4 and part of Experiment S3, yellowdot: Experiment S2. In a the facto
used: 3 in Experiment 1 and 2 in Experiment S1 (Table 1). For calculation of the interaction thVisual stimuli
All video clips showhuman actors performing grasping. The study of
Nelissen et al. (2005) has shown that these evoke strong MR responses
in monkey premotor cortex. Furthermore, Jastorff et al. (2012b) explic-
itly compared video clips portraying monkey and human full-body
actions such as running or climbing, and found little advantage to
using monkey actions in investigating monkey STS (see their Fig. 8).
Electrophysiological studies of premotor cortex (Rizzolatti et al.,
1996a; Caggiano et al., 2014) also support the view that both human
and monkey actions drive premotor mirror neurons with only a slight
advantage formonkey actions, although a detailed quantitative compar-
ison is still lacking. The experiments followed a factorial 2 × 2 design
with person (present, absent) and action (present, absent) as factors
(Fig. 1a), and used either ‘old’ (Experiments 1, S1) or ‘new’ stimuli
(Experiments 2–4, S1, S2, S3). They all included a ﬁxation baseline
condition (ﬁxation point on empty screen).The old stimuli
(Figs. 1b, c) are exactly those used by Nelissen et al. (2005). They
consisted of video clips showing a hand (and forearm) grasping objects
(‘grasping hand’, 13 by 16° in size) and video clips showing a full view of
a person grasping objects with the hand (‘acting person’, 18 by 20° in
size). Four different ‘grasping hand’ video sequences were used: a
male or female hand grasping and picking up a candy (precision grip)
or a ball (whole hand grasp). One action cycle (grasping and picking
up) lasted 3.3 s, with 7 randomly selected cycles presented in a block.
Six different ‘acting person’ video sequences were presented in random
order in a block: a man or woman grasping and picking up an apple
(whole hand grasp), or a peanut or a piece of carrot (precision grip).
For the ‘actor’ video sequences, one cycle (grasping and picking up)
lasted 6 s and therefore 4 randomly selected cycles were presented in
a block. The longer duration of the action cycle for the ‘acting person’videos: acting person (b, d) and grasping hand (c, e). Static frames of the four videos are
g of the hand in d, e. Sizeswere 18 × 20° in b, 13 × 16° in c, and 10 × 10° in d, e. The colored
e target object: red dot: Experiment 2: (monkey); right green dot: Experiments 1& S1, both
rial design shown is for thenew stimuli; for the old stimuli several control conditionswere
e different controls were averaged, so that in practice the design remained 2 × 2.
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and end of the videos. The duration of the hand movement period was
reasonably similar in the two movies: averaging 2.1 s in the ‘grasping
hand’ videos and 2.7 s in the ‘acting person’ videos. Frame rate was
20/s. Two types of control stimuli were used: ﬁrst, static single frames
of the action videos, one from the middle of the video sequence when
the hand is about to grasp the object and one from the end of the
video sequence when the object is grasped and picked up and second,
scrambled videos produced by phase scrambling each frame of the
video sequences. Static stimuli were refreshed by showing a frame
from another sequence every 3.3 s or every 6 s in ‘acting hand’ and
‘acting person’ videos respectively. The ﬁxation condition used a white
and green background, matched to that in the videos, for the ‘acting
person’ and ‘grasping hand’, respectively. These stimuli, even if imper-
fect (see below), were taken from Nelissen et al. (2005), since exactly
the same stimuli had to be used for both species.
The new stimuli
(Figs. 1d, e) were all derived from the person acting videos in
Nelissen et al.'s (2005) study, but corrected the imperfections. Old
hand and person videos differed in actor, type of grip, color, size, dura-
tion and position of the ﬁxation target. These differences were eliminat-
ed, but size of hand and upper limb remained different. The person
acting video was simply cropped to 10 × 10° and its duration reduced
to 3 to 6 s, depending on the frame rate (ranging from 14 to 30 fr/s).
The grasping-hand video was taken from the person-acting video,
cropped to 10 × 10° and shortened to the same duration. The cropping
avoided the arm appearing to be ﬂoating in space in the hand condi-
tions. The sizes of the hand and head were reduced in the new com-
pared to the old stimuli (Fig. S1). However in relative terms, relative
to the frame, they increased, which may create the impression that
the action is closer to the observer. The difference in the size of the
hand in the person and hand videos was only slightly reduced in the
new stimuli (2.85° vs 3.4°). In the new stimuli the grips shown in the
two types of videos (person and hand) were identical. The ﬁxation
point was presented in the same position (with respect to the object)
in all new videos (Figs. 1d, e). Finally, because all control conditions
for the old stimuli yielded similarweak activation levels in both species,
only one static control condition (middle frame) was retained. This
allowed us to test acting-person and grasping-hand videos within the
same runs. It is worth noting that, since the analysis concentrated on
the interaction between factors person and action, lower order motion
was automatically controlled by the grasping hand condition, in which
the upper limb movement equals that in the person acting condition.
Scanning and analysis procedures
Experiment 1
This experiment is the human counterpart of Nelissen et al. (2005),
looking for a human premotor region showing an interaction between
person and action. Thirteen human subjects lay in a supine position
and viewed the screen trough a mirror tilted at 45°. They were
instructed to maintain ﬁxation during scanning on red square in
(0.2° × 0.2°) the center of the screen. The ﬁxation target is shown as a
purple dot in Figs. 1b, c. The eye positionwasmonitored at 60Hz during
all fMRI scanning sessions using the ASL 5000/LRO eye tracker system
positioned at the back of the magnet (Applied Science Laboratories,
Bedford, MA, USA) to track pupil position and corneal reﬂection. The
‘old’ visual stimuli, controlled by in-house software (video frame rate
20 fr/s), were projected onto a transparent screen in front of the subject
using a Barco (Kortrijk, Belgium) liquid crystal display projector
(1024 × 768 pixels; 60 Hz). Optical path length between the eyes and
the stimulus measured 36 cm.
The MRI images of human subjects in Leuven were acquired in a 3-T
InteraMR scanner (Philips, Best, Netherlands), using a 6 element SENSE
head coil (MRI Devices Corp., Waukesha, WI). A functional time seriesconsisted of 120 whole brain BOLD weighted ﬁeld-echo echoplanar
images (FE-EPI) with TR/TE = 3000/30 ms, ﬁeld of view = 200 mm,
acquisition matrix = 80 × 80 (reconstructed to 128 × 128), SENSE re-
duction factor = 2, slice thickness = 2.5 mm, interslice gap =
0.3mm, acquiring 50 horizontal slices covering the entire brain. Sixteen
time series (runs) were acquired per subject divided over two sessions.
In a single session, 4 runs of the grasping handmovies and their control
conditions were interleaved with 4 runs of the person acting movies.
Runs included 24 s blocks corresponding to the ﬁve conditions, which
were repeated twice for a total duration of 360 s. The order of conditions
within runs was counterbalancedwithin and across subjects. At the end
of each scan session a 3Dhigh resolution T1-weighted anatomical image
(TR/TE=9.68/4.6ms, TI= 1100ms, ﬁeld of view=250mm,matrix=
256 × 256, slice thickness = 1.2 mm, 182 slices, SENSE factor = 2) was
acquired.
Human data were analyzed with the Statistical Parameter Mapping
package, SPM2 and SPM 8 (Wellcome Department of Cognitive Neurol-
ogy, London, UK), implemented in Matlab (The Mathworks Inc.). Re-
sults were very similar for the two versions of SPM. For each subject,
motion correction was performed by realignment of all the functional
EPI volumes to the ﬁrst volume of the ﬁrst time series and a mean
image of the realigned volumes was created. This mean image was co-
registered to the anatomical T1-weighted image. Both the anatomical
and the mean EPI image were warped to a standard reference system
(Talairach and Tournoux, 1988), by normalizing both to their respective
template images (Montreal Neurological Institute, MNI). Subsequently,
the derived normalization parameters from the mean EPI image, were
applied to all EPI volumes, which were subsampled to a voxel size of
2 × 2 × 2 mm and smoothed with a Gaussian kernel of 5 mm FWHM.
Statistical analysis was performed using the General Linear Model
(K.J. Friston et al., 1995; K.J.J. Friston et al., 1995) by modeling each
condition using a delayed boxcar function and by convolving this with
the hemodynamic response function. Global signal intensity was nor-
malized and an appropriate high-pass temporal ﬁlter (2 times the
total duration of all different conditions in a run) was applied to remove
low frequency drifts independent of stimuli-induced signal changes.
The ﬁrst level contrasts for the different action types (hand action and
actor action) compared to their three respective controls were calculat-
ed for each individual subject. These contrast images were subjected to
a second level, random-effects ANOVA analysis. The interactions were
investigated at this second level by subtracting hand action minus its
averaged controls from actor action minus its averaged controls. These
interactions were masked inclusively with the single effect of actor ac-
tion compared to its controls (at p b 0.05 uncorrected) to favor voxels
in which the interactions are due to a strong response to person acting
conditions. Thresholdswere set at p b 0.001 uncorrected for the interac-
tion effects. This threshold is adequate since two variances are summed
in interactions, and has been used systematically in our previous studies
(Abdollahi et al., 2013; Georgieva et al., 2009; Jastorff and Orban, 2009;
Jastorff et al., 2012b; Peeters et al., 2009).
Activity proﬁles plot, for any given ROI, the MR signal changes
relative to ﬁxation, using actual values, in percent of ﬁxation activity.
The proﬁleswere calculated from the single subject data obtained by av-
eraging all the voxels in the ROI. The ﬁrst two data points within each
blockwere not taken into account to compensate for the hemodynamic
delay of the BOLD response. In all proﬁles the standard error (SE) of the
mean was determined across the different subjects. The ROIs were
deﬁned by the interaction contrast, using all voxels reaching p b 0.001
uncorrected level.
The fMRI data were mapped onto the human PALS atlas (Van Essen,
2005) surface in SPM-Talairach space, for both right and left hemi-
spheres using a volume to surface tool in Caret (Van Essen et al.,
2001). Anatomical landmarks were taken from the Caret database and
local maxima were inserted as nodes on these ﬂattened cortical maps
in Caret. The ROIs used by Jastorff et al. (2010) to tile the premotor
action were deﬁned on the ﬂatmap and transferred from that study.
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This experiment tests whether the interaction between action and
person in human premotor cortex is similar for old and new stimuli. It
was similar to Experiment 1, except that both new and old stimuli
with only the middle static control condition were used. The runs
with old and new stimuli were interleaved. Given the small number of
subjects (n = 5) only a ﬁxed-effect analysis (SPM2) was carried out
and the ROI was deﬁned as the 27 voxels surrounding the local
maximum (LM) of the interaction.
Experiment 2
This experiment repeats the experiment of Nelissen et al. (2005)
with the new stimuli and tests the interaction between person and
action for all monkey motor cortical areas. Details of the surgical proce-
dures, training, eye position monitoring, scanning procedures and
statistical analysis of fMRI data have been described previously
(Ekstrom et al., 2008; Nelissen et al., 2005; Vanduffel et al., 2001) and
will only be described brieﬂy. The monkey subjects (n = 3) sat in a
sphinx position in a plastic monkey chair directly facing a LCD screen
(1024 × 768 pixels, 60 Hz, also controlled by in-house software).
Video frame rate was 30 fr/s. Monkeys were required to maintain
ﬁxation in a 2 × 2°window centered on a small red dot (0.3° × 0.3°) po-
sitioned in the middle of the screen (indicated in Fig. 1e as a red dot).
Eye positionwasmonitored at 120Hz through pupil position and corne-
al reﬂection (Iscan, Burlington, Mass, USA). The monkeys were
rewarded (fruit juice) for ﬁxating the red dot for long periods of time
(up to several minutes).
Functional images were acquired with a 3 T full body scanner (TIM
Trio Siemens) using a gradient-echo T2* weighted echo-planar imaging
sequence (40 horizontal slices, TR 2 s, TE 17 ms, 1.25 × 1.25 × 1.25 mm
isotropic voxels) with a custom built eight-channel phased-array re-
ceive coil, and a saddle shaped, radial transmit only coil (Kolster et al.,
2009). Before each monkey scanning session, a contrast agent, mono-
crystalline iron oxidenanoparticle (Mion, Sinerem Laboratoire Guerbet)
was injected into the femoral/saphenous vein (6–11mg/kg). Use of the
contrast agent improved the contrast to noise ratio (Leite et al., 2002;
Vanduffel et al., 2001) and enhanced the spatial selectivity of the MR
signal changes (Zhao et al., 2006) compared to blood oxygenation
level-dependent (BOLD)measurements.Whereas BOLDmeasurements
dependon cerebral blood volume (CBV), bloodﬂow, and oxygen extrac-
tion, MION measurements depend only on CBV (Mandeville and
Marota, 1999). Accordingly we have inverted the polarity of all signal
change values to account for the difference between MION and BOLD
activation maps. Six to eight runs were collected in a single session.
Runs included 7 conditions (four in the factorial design, ﬁxation, and 2
other conditions not analyzed), shown in 20 s blocks repeated once. Fif-
teen orders of conditionswithin runswere presented in pseudorandom
order to each subject.
Monkey fMRI data were analyzed using SPM5 and Match software.
Only runs in which the monkeys ﬁxated N 90% of the time were
analyzed. Spatial preprocessing consisted of realignment and rigid co-
registration with a template anatomy (M12, Ekstrom et al., 2008). To
compensate for the echo-planar distortions in the images as well as
inter-individual anatomical differences, the functional images were
warped to the template anatomy using nonrigid matching software
(Chefd'hotel et al., 2002). The functional volumes were then resliced
to 1 mm3 isotropic and smoothed with an isotropic Gaussian ﬁlter
(FWHH at 1.5 mm). Group analyses (ﬁxed effects) were performed
with an equal number of volumes per monkey and the level of signiﬁ-
cancewas set at p b 0.05 corrected (familywise error, FWE) formultiple
comparisons. In the ROI analyses the main effects and interaction were
directly tested by t tests corrected for the number of ROIs (18).
Activity proﬁles plot the MR signal changes relative to ﬁxation for a
given ROI, either actual values in percent of ﬁxation activity or ﬁtted
values (Marsbar), in percent of the average signal in the run, with sim-
ilar results. The proﬁles were calculated from individual run dataobtained by averaging all the voxels in the ROI. The ﬁrst two data points
within each block were not taken into account to compensate for the
hemodynamic delay of the MION response. In all proﬁles the standard
error (SE) of the mean was determined across the different runs. The
motor ROIs were deﬁned by anatomical criteria (cytoarchitectonics,
see Belmalih et al., 2009; Luppino et al., 2000; Nelissen et al., 2005).
Experiment 3
This experiment tests the interaction between person and action in
human premotor cortex with the new stimuli and with the ﬁxation
point left or right of the object. Eighteen participants lay supine in the
bore of the scanner. The ‘new’ visual stimuli were presented by means
of a head mounted display (up to 85 Hz refresh rate) with a resolution
of 800 horizontal pixels × 600 vertical pixels (Resonance Technology,
Inc., Northridge, CA) in each eye. The display was controlled by an ATI
Radeon 2400 DX dual output video card (AMD, Sun Valley, CA). The
presentation of the stimuli was controlled by E-Prime software
(Psychology Software Tools, Inc., Sharpsburg, PA). Sound-attenuating
headphones were used to mufﬂe scanner noise and to give instructions
to the subjects. To reduce the amount of head motion during scanning,
the subjects' head was padded with PolyScanTM vinyl-coated cushions.
Subjects were instructed toﬁxate a small red square (0.2° by 0.2°) in the
center of the display. The ﬁxation target was located in two positions
relative to the video, indicated by green dots in Fig. 1d. Throughout
the scanning session, eye movements (right eye) were recorded with
an infrared eye tracking system (60 Hz, Resonance Technology Inc.,
Northridge, CA).
TheMRI imageswere acquired using a 3 TMR scanner (GEDiscovery
MR750, Milwaukee, IL) with an 8 channel receiver coil, located at the
University Hospital of the University of Parma. Functional images
were acquired using gradient-echoplanar imaging with the following
parameters: 49 horizontal slices (2.5 mm slice thickness; 0.25 mm
gap), repetition time (TR) = 3 s, time of echo (TE) = 30 ms, ﬂip
angle = 90°, 96 × 96 matrix with FOV 240 (2.5 × 2.5 mm in plane
resolution), and ASSET factor of 2. The 49 slices contained in each vol-
ume encompassed the entire brain from the cerebellum to the vertex.
A 3D high-resolution T1-weighted IR-prepared fast SPGR (Bravo)
image covering the entire brain was acquired in one of the scanning
sessions and used for anatomical reference. Its acquisition parameters
were as follows: TE/TR 3.7/9.2 ms; inversion time 650 ms, ﬂip-angle
12°, acceleration factor (ARC) 2; 186 sagittal slices acquired with
1 × 1 × 1 mm3 resolution. All runs included 5 conditions shown in
24 s blocks repeated twice for a total duration of 360 s. In this experi-
ment, duration of the videoswas extended to 6 s to have equal numbers
(n = 2) of whole hand and precision grips in each block, at the cost of
reducing frame rate to 14 fr/s. Subjects participated in a single 90 min
scanning session, in which 10 runs were collected. Ten orders of condi-
tions within runs were presented in pseudorandom order across
subjects.
fMRI data were analyzed with the Statistical Parameter Mapping
package, SPM 8 (Wellcome Department of Cognitive Neurology,
London, UK), implemented in Matlab (The Mathworks Inc.). For each
subject, motion correction was performed by realignment of all the
functional EPI volumes to the ﬁrst volume of the ﬁrst time series and a
mean image of the realigned volumes was created. This mean image
was co-registered to the anatomical T1-weighted image. Both the
anatomical and the mean EPI image were warped to a standard refer-
ence system (Talairach and Tournoux, 1988), by normalizing each to
its respective template image (Montreal Neurological Institute, MNI).
Subsequently, the derived normalization parameters from the mean
EPI image, were applied to all EPI volumes, which were subsampled to
a voxel size of 2 × 2 × 2 mm and smoothed with a Gaussian kernel of
6 mm FWHM.
Statistical analysis was performed using the General Linear Model
(K.J. Friston et al., 1995; K.J.J. Friston et al., 1995), by modeling each
condition using a delayed boxcar function and by convolving this with
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malized and an appropriate high-pass temporal ﬁlter (2 times the
total duration of all different conditions in a run) was applied to remove
low frequency drifts independent of stimuli-induced signal changes.
The ﬁrst level interactions between action and person were calculated
for each individual subject. These contrast images were subjected to a
second level, random-effects ANOVA analysis. These interactions were
masked inclusively with the single effect of actor action compared to
its controls (at p b 0.05 uncorrected) to favor voxels in which the inter-
actions are due to strong response in person-acting conditions. Thresh-
olds were set at p b 0.001 uncorrected for the interaction effects. This
threshold is adequate since two variances are summed in interactions
(see above).
Activity proﬁles plot theMR signal changes relative toﬁxation, using
ﬁtted values (Marsbar), in percent of the average signal in the run. The
proﬁles were calculated from the single subject data obtained by aver-
aging all the voxels in the ROI. The ﬁrst 5 data points within each
blockwere not taken into account to compensate for the hemodynamic
delay of the BOLD response. In all proﬁles the standard error (SE) of the
mean was determined across the different subjects. The ROIs were de-
ﬁned by the whole brain interaction contrast, using all voxels reaching
p b 0.001 uncorrected (Table 1). The human fMRI data were mapped
onto the human PALS atlas (Van Essen, 2005) surface in SPM-Talairach
space, for both right and left hemispheres using a volume to surface tool
in Caret (Van Essen et al., 2001) as described for Experiment 1.Experiment 4
Experiment 4 tests the interaction between person and action in
human premotor cortex with the new stimuli for 3 different frame
rates. It was similar to Experiment 3, except that three frame rates
14 f/s, 20 f/s and 28 f/s were compared. The 12 subjects participated in
two sessions in each of which 9 runs were collected, yielding 6 runs
for each rate. Sets of 6 runswith a given rate were presented in pseudo-
random order across the two sessions (middle set spread over the ses-
sions) to groups of two subjects. The random effects analysis used a
small volume correction with the right phF5c site obtained in Experi-
ment 3 (109 voxels centered on 48, 0, 48) as a priori ROI. A symmetrical
ROI (109 voxels centered−48, 0, 48) was used for the LH. The activity
proﬁles were calculated as for Experiment 3 but using only the 8 most
signiﬁcant voxels centered on the local maximum (LM) of the interac-
tion in the ROI. The proﬁleswere the basis for calculating the differential
activation (action minus static control) for acting person and grasping
hand.Table 1
Features of the experiments.
Humans
Experiment 1 S1 3 4
Site & Scanner Leuven Philips Leuven Philips Parma GE Par
Subjects 13 5 18 12
Stimuli Old Old/New New Ne
Frame rate 20 20 14 14,
Controls 2 Static & Scramble Sta-mid Sta-mid Sta
Fixation pt (Fig. 1) To right of object:
purple
To right of object:
purple
To left and right of
object: green
To
obj
Analysis Wh Brain Rnd Eff
p b 0.001 uncorr
Wh Brain Fix Eff
p b 0.001 uncorr
Wh Brain Rnd Eff
p b 0.001 uncorr
Wh
SV
Activity proﬁles % Fix all signif voxels % Fix 27 voxels % Avg all signif voxels % A
Abbreviations: sta: static; mid: middle frame of video; Scramble: scrambled; pt: point; Wh B
correction; corr mu co: correction for multiple comparisons; Fix: ﬁxation; Avg: average, sig or
The rows list species, experiment number, the scanner type and site, number of subjects, typ
analysis performed (whole brain or ROI, ﬁxed or random effects) and statistical threshold, the
of average of all conditions).Experiment S2
This experiment tests the interaction between person and action in
human premotor cortex for the new stimuli but with the ﬁxation
point removed from the target object. Itwas similar to Experiment 3, ex-
cept that theﬁxation targetwas located 2° higher (yellow dot in Fig. 1d)
than the right position used in Experiment 3. The 7 subjects participated
in a single session in which 9 runs were collected. The analysis was re-
stricted to the right phF5c ROI as deﬁned in Experiment 3 (109 voxels
centered on 48, 0, 48), inwhich these subjects had also participated. Re-
sults of the present experiment were compared to those runs of Exper-
iment 3 in which the ﬁxation target was on the right side of the object
(right green dot in Fig. 1d).
Experiment S3
This experiment tests the interaction between person and action in
human premotor cortex for the new stimuli with and without control
of ﬁxation. It was also similar to Experiment 3, except that in half the
runs no ﬁxation target was provided and subjects were instructed to
pay attention to the video rather than to ﬁxate a target. The nine sub-
jects participated in 4 sessions, in each of which 6 runs were collected,
3 with ﬁxation and 3 without ﬁxation, yielding a total of 12 runs with
and 12 without ﬁxation. In ﬁve subjects, the ﬁrst and the third sessions
started with ﬁxation runs followed by no-ﬁxation runs, with the oppo-
site order in the two other sessions. In the other four subjects the order
was reversed. The random effects analysis used a small volume correc-
tionwith the same right a priori ROI as in Experiment 4. Activity proﬁles
were also computed as in Experiment 4.
Results
All experiments followed a factorial 2 × 2 designwith person and ac-
tion as factors (Fig. 1a), their interaction characterizing F5c and hence
phF5c. All runs included a ﬁxation baseline condition to evaluate the vi-
sual nature of the responses in the experimental conditions. Seven ex-
periments were performed, 4 main and 3 supplementary experiments
(Table 1), forming two fMRI cycles inwhich the same paradigmwas ap-
plied ﬁrst in monkeys and then humans. Experiment 1 completed the
ﬁrst cycle initiated by Nelissen et al.'s (2005) study, using in humans
the very same stimuli – here referred to as “old” stimuli – as in
Nelissen et al. (2005) (Figs. 1b–c). The second cycle was initiated with
Experiment 2 using monkeys and an improved set of stimuli
(Figs. 1d–e, “new stimuli”). The new stimuli were validated by compar-
ing human activations obtained using “old” and “new stimuli” inMonkeys
S2 S3 2
ma GE Parma GE Parma GE Leuven
Siemens
7 9 3
w New New New
20, 28 14 14 30
-mid Sta-mid Sta-mid Sta-mid
left and right of
ect: green
To right and up:
yellow
To left or right
(green)/no
To the right of
object: red
Brain Rnd Eff
Corr p b 0.05
ROI from Exp 3
p b 0.05 corr mu co
Wh Brain Rnd Eff
SV Corr p b 0.05
ROIs from anat
p b 0.05 corr
mu co
vg 8 most sig voxels % Avg all voxels % Avg 8 most sig voxels Both all voxels
rain: whole brain; Rnd Eff: random effects, Fix Eff: ﬁxed effects, SV Corr: small volume
signif: signiﬁcant.
e of stimuli (old /new), frame rate, control conditions, location of ﬁxation target, type of
voxels on which proﬁles are calculated and the reference condition for proﬁles (ﬁxation
Fig. 2.Experiment S3: Eye position of a representative subject during single runswith aﬁxation point (left position) (a, c) andwithout (b, d). Eye position is plotted for the 72 s (3blocks) of
each experimental condition and superimposed on a frame of the person-acting conditions (a, b) but not the other conditions (c, d). Althoughmanymore saccades were made when the
ﬁxation point was absent (b), the number of saccades did not differ signiﬁcantly between conditions for the group of subjects: F4,4 = 0.08, p N 0.90.
Table 2
Eye movement statistics.
Average number of
saccades
One-way ANOVA
Human groupsa
Experiment 1 9/min F4,8 = 0.3, ns (hand runs)
F4,8 = 0.44, ns (person runs)
Experiment S1b 14/min
Experiment 3 6/min F4,13 = 0.93, ns
Experiment 4 9/min F4,7 = 0.2, ns
Experiment S2 3/min F4,2 = 0.18, ns
Experiment S3 (ﬁxation runs) 8/min F4,4 = 0.12, ns
Monkey subjects (Experiment 2)c
M1 6/min F4,1 = 0.61, ns
M2 9/min F4,1 = 1.19, ns
M3 7/min F4,1 = 2.34, ns
a One-way ANOVA over subjects.
b Too few subjects to perform ANOVA.
c One-way ANOVA over runs.
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volunteers and the new stimuli completed the second cycle. Further
analyses of Experiments 3 &4, as well as Supplementary experiments
2 & 3 investigated the inﬂuence of ﬁxation position.
In all but some speciﬁc runs of Supplementary experiment 3, sub-
jects (humans or monkeys) had to ﬁxate a red point located in the cen-
ter of the screen, indicated in Fig. 1. Eye recordings indicated that
human subjects ﬁxated well (Figs. 2a, c) and averaged 6–14 saccades/
min in the various experiments (Table 2). Monkeys made between 6
and 9 saccades/min in Experiment 2. One-way repeated measures
ANOVAs testing for differences in number of saccades between condi-
tions revealed no signiﬁcant differences in any of the human experi-
ments (groups of subjects) or in Experiment 2 (individual subjects,
Table 2).
Completion of the ﬁrst cycle: Human counterpart (Experiment 1) of
previous monkey experiments
In Experiment 1 volunteers viewed the following visual stimuli:
grasping hand, acting person, static frames taken from the middle and
the end of the action videos, and scrambled action stimuli, the same as
those used by Nelissen et al. (2005). Contrasting observation of the act-
ing personwith its three controls (Fig. 3a) yielded activation in the right
precentral sulcus (PCS) and adjoining precentral gyrus (PCG). Thisactivation extended medio-laterally from the junction of PCS with the
superior frontal sulcus (SFS) to that with the inferior frontal sulcus
(IFS). The same contrast for the grasping hand revealed a similar
precentral activation (Fig. 3b) but with a central gap. At this position
(40, −4, 44) the interaction (Fig. 3c) tested at the random-effects
Fig. 3. Statistical parametricmaps (SPMs) showing in color the voxels activated in the subtraction acting person vs controls (a, d) graspinghandvs controls (b, e) and the interaction i.e., the
difference between the previous subtractions (c, f) obtained in Experiment 1 (a–c) and Experiment 3 (d–f) rendered on the lateral view of right frontal cortex. Thresholds: p b 0.001
uncorrected in a–c and f and p b 0.01 uncorrected in d, e. Top color scale applies to a–c, the lower left to d–e and that on lower right to f. Green arrows indicate central sulcus. The weaker
activation in d, e likely reﬂects the lower frame rate in Experiment 3 relative to 1 (see Fig. 8).
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did not reach FWE corrected signiﬁcance at the single voxel level
(p b 0.345), it did reach this threshold at the cluster level (p b 0.03).
The precentral sulcus (PCS) is subdivided into two parts (Germann
et al., 2005) by a horizontal ridge at the level of the middle frontal
gyrus (MFG): superior (PCSs) and inferior (PCSi) parts, connecting to
the superior frontal sulcus (SFS) and inferior frontal sulcus (IFS), respec-
tively (Fig. 4a). The right interaction region (yellow) is located at the
junction of the posterior PCSi bank and the lower bank of the ridge.
Above and below this interaction region, additional activations were
present during the observation of both the grasping hand (green) and
the acting person (blue outline). In the left hemisphere (LH) only a dor-
sal region was activated by both the acting person and grasping hand
(Fig. 4a). Even lowering the threshold failed to reveal any interaction
in the left hemisphere.
The activity proﬁle for the interaction site (75 voxels, Fig. 5a; see also
Fig. S2) plotting the % MR signal change, relative to ﬁxation baseline, in
the four conditions pertaining to the acting person (blue bars) and the
grasping hand (green bars) closely corresponds to that of monkey F5c
(Nelissen et al., 2005). This indicates that the interaction reﬂects a
robust response to observing the acting person rather than a strong
static hand control response, as expected from the masking procedure
(see Material and methods).
Second cycle: a)Monkey experimentwith newvisual stimuli (Experiment 2)
Experiment 1, completing the ﬁrst monkey–human cycle, validated
our strategy of comparing fMRI activations in humans and monkeys
using similar stimuli. The two types of action videos in Experiment 1,
however, differed in lower-order visual aspects (e.g., different color,
size) and in the position of the ﬁxation point. The results could there-
fore, in principle, be due to these factors. Hence, the stimuli were
redesigned by creating the hand-grasping video (Fig. 1c) from theacting-person video in such a way to minimize visual differences (see
Material and methods).
Experiment 2 was carried out in three monkeys using these new
stimuli. The results are summarized by the group activity proﬁles of all
monkey motor cortical areas, plotting the % MR signal change relative
to the average activity in the run, in the four experimental conditions
(Fig. 6). T tests revealed signiﬁcant interaction between person and ac-
tion in a single area: left F5c (t= 3.61, p b 0.005 corrected for number of
ROIs). This interaction was signiﬁcant in each of the three monkey sub-
jects (t= 2.3, 2.8, and 2.74 in subjects 1, 2 and 3with p b 0.01, p b 0.003
and p b 0.004 respectively). Given the location of the ﬁxation point
(Fig. 1e, red dot), this left lateralization might suggest that monkey
F5c becomes active during observation of the hand-shaping phase of
grasping, before the hand contacts the object, i.e., when the hand is in
the right visual hemiﬁeld. Indeed, even if we consider the size of the ﬁx-
ationwindow, sensitivity to the actual grasping (hand on object) should
yield a right-sided or bilateral activation. The left F5c proﬁle indicates
that its activation by the acting person exceeded that of all three other
conditions, with the main effect of action being non-signiﬁcant (for sta-
tistics, see legend in Fig. 6). Contrasting the acting person and ﬁxation
conditions conﬁrmed that the acting person evoked a signiﬁcant visual
response in left F5c. In contrast to the interaction, the actionmain effect
reached signiﬁcance in the F5a ROIs bilaterally (see legend in Fig. 6).
Second cycle: b) Human experiments with the new visual stimuli
(Experiments S1, 3 & 4)
Experiment S1
To validate the new stimuli, we compared in Experiment S1 activa-
tions due to old and new stimuli, with identical ﬁxation point for all
new stimuli (Fig. 1d, right green dot, as in Experiment 1). The results
showed a signiﬁcant interaction between person and action in right
PMv, in similar sites for both the old (52, −4, 40) and new stimuli
Fig. 4. a, c: Statistical parametric maps (SPMs) showing in color the voxels activated in the subtraction acting person vs controls (blue outline), grasping hand vs controls (green), and the
interaction, i.e. the difference between the previous subtractions (yellow) obtained in Experiment 1 (a) and Experiment 3 (c), shown on the ﬂatmaps of the anterior portions of left (LH)
and right (RH) hemispheres. Thresholds: p b 0.001 uncorrected in a and interaction in c, p b 0.01 uncorrected blue outline in c. Local maxima in c: 1: LH1:−44,−10, 56, 12 voxels, 2: LH2:
−56, 6, 38, 27 voxels; 3: LH3:−32,−10, 40, 29 voxels; 4: RH : 48, 0, 48, 109 voxels; notice that LH3 is located in the posterior branch of PCSiwhich folds behind the PCG in3D; yellowdots
encircled by black: localmaxima of interaction in Experiment 4 averaging over frame rate (uncorrected:−40, 0, 36, t=4.77, p b 0.001 and 46,−4, 44, t=3.32, p b 0.003); b, d: differential
activity (as % ofﬁxation baseline) evoked by acting person vs controls (blue) and grasping handvs controls (green) obtained in Experiment 1 (b) and Experiment 3 (d), plotted fromdorsal
to ventral for theminiROIs, shown inwhite in RH of a, c. Vertical bars SE. The difference between differential activity for acting person and grasping handwas signiﬁcant in bins 8–10 in b
(paired t tests p b 0.05) and bins 7–11 in d (p b 0.05 in post hoc t-tests following interaction in a 2 × 17 two way ANOVA, F16, 17 = 2.25, p b 0.005).
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(Fig. S3), but the static hand condition evoked a stronger response in
the case of the new stimuli. This ﬁnding probably reﬂects low-level
visual differences between old and new stimuli (see Material and
methods) and underscores the sensitivity of the technique.
Experiment 3
Human Experiments 1 and S1 yielded interaction sites located in the
right hemisphere (RH), while the interaction was limited to the left
hemisphere in the monkey (Experiment 2). This discrepancy might
indicate that the human putative F5c region, rather than being more
sensitive to hand-shaping than to actual grasping, as in monkey F5c, is
actually more sensitive to the actual grasping (hand on object), that
took place in the left visual ﬁeld in these experiments (Fig. 1d). To test
this possibility, we positioned the ﬁxation point in half of the runs of
Experiment 3 to the right of the object, as in Experiments 1 & S1, and
in the other half in a symmetrical position to the left of the object
(Fig. 1d, green dots).
The analysis of Experiment 3, pooling the results of both ﬁxation
positions, yielded a pattern of results in the right hemisphere similar
to those of Experiment 1. The observation of acting person (Fig. 3d)
evoked an activation in PMv, which was weaker (reaching only t =
2.6, p b 0.01 uncorrected) and more restricted than in Experiment 1,
possibly due to the smaller stimuli or the lower frame rate (see
below). The observation of grasping hand evoked a veryweak response,
below the threshold of t = 2.6 (Fig. 3e). An interaction, however, was
present at the dorso-caudal edge of the PCSi (Fig. 3f) in a location (48,0, 48) similar to that of Experiment 1 and with a similar signiﬁcance
level (t = 3.6, p b 0.001). While this activation did not reach FWE
corrected signiﬁcance at the single voxel level (p b 0.128), it did reach
this threshold at the cluster level (p b 0.02). Also the size of the interac-
tion site (109 voxels) was rather similar to that in Experiment 1
(75 voxels). Its 436 mm2 is about 9 times the area of cytoarchitectonic
macaque F5c, coincidingwith the 9-fold increase in total cortical surface
in humans compared tomonkeys (Van Essen et al., 2012). Experiment 3
thus independently replicated the ﬁndings of Experiment 1.
The ﬂat-map projection conﬁrmed that the location of the right
premotor interaction was similar to that found in Experiment 1
(Figs. 4a, c). To further document similarities in the interactions, we plot-
ted the differential activations, i.e., action relative to static control, for
acting-person and grasping-hand conditions in the mini-ROIs of Jastorff
et al. (2010), (white outlines in Figs. 4a, c), sampling the activity along
the PCS and PCG. In both experiments (Figs. 4b, d) the curves peaked
at the same positions, showing signiﬁcant dissociations between the
two curves in bins 8–10 for Experiment 1 and bins 7–11 for Experiment
3. Thus the right interaction sites overlap in the two experiments.
Pooling the two ﬁxation point positions also yielded three interac-
tion sites reaching p b 0.001 uncorrected in left premotor cortex (Arabic
numbers in Fig. 4c), plus another site dorsal to SFS. Two sites (sites 1 and
2)were located in the precentral gyrus, with site 1 corresponding to the
dorsal left hemisphere (LH) activation in Experiment 1. A third site (site
3) was located in the left PCSi in a slightly more ventral position than its
right counterpart. Only this latter site reached signiﬁcance (−40, 2, 40,
t = 4.09, p b 0.05) with a small volume correction using a ROI
Fig. 5. Activity proﬁles of left and right phF5c obtained in Experiment 1 (a) and Experi-
ment 3 (b). Blue bars: observing person acting and controls; green bars: observing hand
grasping and controls. Vertical bars: SE across subjects. In a: only right phF5c is shown:
75 voxels deﬁned by the whole brain interaction, in b left and right phF5c: 29 and
109 voxels deﬁned by whole brain interaction. In a observing acting person was signiﬁ-
cantly different (correcting for 3 comparisons) from 3 controls (paired t tests all t N 3.8,
p b 0.002) but observing grasping hand was not (all t b 2.05, p N 0.06); in b: for statistics
see Table 1. Activity proﬁles were obtained with SPM 8. Similar results were obtained
for the right PCSi interaction region (a) when analyzed with SPM 2: see Fig. S1.
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interaction site.
To assess the status of possible homologues of F5c among the four
PMv interaction sites, we exploited the four statistically validated func-
tional properties of F5c as revealed by Experiment 2, listed in Table 3.
To examine these properties, we subjected the activity proﬁles of these
four sites (Fig. 4) to a 2 × 2 ANOVA, yielding the expected interaction,
but allowing us to test the main effect of action and to perform critical
post-hoc t-tests. Also, we used a paired t-test to compare the acting per-
son and baseline ﬁxation conditions. The results showed that two of the
four interaction sites share the characteristics of F5c (Table 3). In the
right interaction site (Fig. 5b) the static hand condition reached about
half the activation level evoked by acting person, yet t-tests showed
that the latter condition evoked signiﬁcantly more activity than the
other 3 factorial conditions, or the ﬁxation baseline. Since this site
showed no main effect of action, it met all four criteria derived from Ex-
periment 2. In the left hemisphere, only the PCSi site (site 3 in Fig. 4c)
met these four criteria (Table 3, Fig. 5b). The lower PCG site (LH2) failed
in the criterion comparing observing person grasping to the other facto-
rial conditions, as it was equally active in the static hand and acting per-
son conditions. It also failed the last criterion, as the visual response to
person grasping was not signiﬁcant. The upper PCG site (LH1) had a rel-
atively strong response to the grasping hand, even if the acting person
condition signiﬁcantly exceeded each of the three other factorial condi-
tions. Unlike monkey F5c, however, it showed a main effect of action,
failing the third criterion. The location of this LH1 site was indeed similar
to the dorsal left hemisphere region which was activated in the twosingle contrasts in Experiment 1 (Fig. 4a). Experiment 3 thus yielded in
addition to the right interaction site, a single left-sided interaction site
(site 3, 29 voxels) matching F5c in statistical characteristics (Fig. 5b).
This left site was located in a position matching that of the right, since
it reached corrected signiﬁcance using the right site as an a priori ROI.
The left site was not only smaller than its right counterpart, it was also
less signiﬁcant as it failed to reach FWE signiﬁcance at the cluster level
(p N .65). We refer to these two sites as left and right phF5c. Single-
subject analysis conﬁrmed that the right phF5c was present in all indi-
vidual subjects in approximately the same cortical location (Fig. 7).
Experiment 4
Experiment 3 employed the new stimuli exactly as in monkey Ex-
periment 2, except for a single parameter, frame rate which was 30
and 14 Fr/s in Experiments 2 and 3 respectively. Slow frame rates corre-
spond to slow grasping actions, whichmight inﬂuence activation levels.
Hence in Experiment 4 the interaction between person and action was
compared at 14, 20 and 28 f/s, keeping other stimulus aspects constant
and using the twoﬁxation positions of Experiment 3. As in Experiment 3
we pooled data from the twoﬁxation positions.We used a small volume
correction (SVC) with the right phF5c (from Experiment 3, center 48, 0,
48) and a symmetrical ROI for LH (center−48, 0, 48) as a priori ROIs.
A random effects analysis yielded signiﬁcant (after SVC) local maxi-
ma (LM) for each frame rate in LH (−52, 0, 50, t = 2.4, p b 0.02;−40,
−2, 46, t= 2.1, p b 0.04; and−44, 0, 46, t= 2.9, p b 0.008, Fig. 8a), and
RH (50,−4, 48, t=2.4, p b 0.02; 44,−2, 48, t=3.7, p b 0.002 and 46, 0,
40, t = 2.8, p b .008; Fig. 8b), although not all LM remained signiﬁcant
after correction for 3 tests on a single a priori ROI. The number of signif-
icant voxelswasmuch greater for 20 fr/s in RH (46 voxels compared to 4
and 3 voxels at 14 and 28 fr/s) and for 28 fr/s in LH (9 voxels compared
to 5 and 2 voxels at 14 and 20 fr/s). The number of voxels reaching sig-
niﬁcance also conﬁrmed that the interaction was stronger on the right
than the left. The differential activation, relative to static control, for
acting-person and grasping-hand conditions increases with frame
rate, more so for acting-person than grasping-hand (Fig. 8c). The inter-
action (distance between differential activations of person and hand) is
relatively invariant for frame rate in both hemispheres, with a broad op-
timum at 20/s (Figs. 8d, e). Experiment 4 shows that, if anything, the in-
teraction is stronger at faster frame rates than that used in Experiment
3, explaining the weaker activation in Experiment 3 compared to 1
(Fig. 3). It also generalizes the results of the previous experiment with
respect to the identiﬁcation of left and right phF5c to another low-
level visual feature: motion speed.
The analysis of human data in both cycles (Experiments 1, 3, 4) con-
centrated on the frontal lobe, which is where the homologue of a
premotor cortex region should be expected. For completeness it is
worth mentioning that all whole brain analyses of these experiments
yielded additional interaction sites predominantly in the left hemi-
sphere. These are only brieﬂy mentioned as this topic is outside the
scope of the paper. They included several parietal sites, hMT+ region
(overlapping with the EBA) and early visual cortex (EVC) in the LH,
with one site in right posterior STS. Experiment 4 revealed, however,
thatmost of these sites vanish at the fastest frame rate (and correspond-
ingly shorter duration)where only left visual sites – the four areas of the
MT cluster with extension into LO1 (Abdollahi et al., 2014) – remained
active, corresponding with the position of the body of the person in the
right visual ﬁeld. The samewas observed in the monkey (Experiment 2
using fast frame rate) in which only a left occipital activation site was
observed straddling V4 and MT.
Second cycle: c) Control experiments and analyses in humans with new
stimuli: manipulation of ﬁxation position (Experiments 3 & 4, S2, S3)
Experiments 3 & 4
Thus far, we have presented interactions between action and person
in Experiments 3 & 4 by pooling the data obtainedwith the two ﬁxation
Fig. 6. Activity proﬁles of the motor and premotor areas in left (a) and right (b) hemisphere of the monkey: F1, F2, F3, F4, F5c, F5p, F5a, F6 and F7 obtained in Experiment 2 (group of 3
monkeys). Activity is expressed in % of average activity, but very similar results were obtained using the actual values expressed in % of ﬁxation (see Material and methods). Same color
code as in Fig. 5. Insets (left) indicate locations of areas (taken fromRizzolatti and Luppino, 2001; Rizzolatti and Sinigaglia, 2010). Vertical bars indicate SE (over 18 runs). Themain effect of
action reached signiﬁcance (corrected for multiple comparisons 2 × 9) in F5a bilaterally (left: t = 4.14, p b 0.0005 and right t = 3.16, p b 0.02), but not in left F5c (t = 2.73, p N 0.05). The
interaction proved signiﬁcant only in left F5c (t= 3.61, p b 0.005). The response of left F5c to the person acting observation was signiﬁcantly larger than the response to any of the three
other conditions (all t N 4.1, p b 0.0005). The response of left F5c to the person acting observation also differed signiﬁcantly from ﬁxation baseline (t = 4.07, p b 0.0005). Note that the
absence of activation for person grasping in F5p and F1 is consistent with recent reports (Kraskov et al., 2009; Vigneswaran et al., 2013) indicating that in these areas about equal
proportions of neurons are activated and suppressed by observing grasping.
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of the phF5c proﬁles should depend on the ﬁxation point position.
Hence we computed the proﬁles of left and right phF5c analyzing the
runs for the two ﬁxation point positions separately (Fig. 9). A three-
way ANOVAs with ﬁxation side, action and person as factors revealedTable 3
Statistical analysis using 4 criteria for 4 interaction sites in Experiment 3: RH=109 voxels,
LH3 = 29 voxels, LH1 = 12 voxels, LH2 = 27 voxels.
RH LH3 LH1 LH2
2×2 ANOVA*
Interaction
F1,17= 55.5
P<0.001
F1,17= 27.5
P<0.005
F1,17= 13.5
P<0.001
F1,17= 30.4
P<0.001
post hoc t tests
Person acting > pers stat*
Person acting > hand gras
Person acting > hand stat
p<0.05
p<0.05
p<0.05
p<0.05
p<0.05
p<0.05
p<0.05
p<0.05
p<0.05
p<0.05
p<0.05
p>0.05
2×2 ANOVA
Main effect action
F1,17= 0.83
P>0.35
F1,17= 2.2
P>0.15
F1,17= 13.5
P<0.005
F1,17= 0.02
P>0.5
Person acting > fixation T17= 2.4
P<0.03
T17= 2.8
P<0.02
T17= 4.1
P<0.001
T17= 1.79
P>0.05
Numbers in red: failure to meet a criterion.
Asterisks: tests expected to be signiﬁcant from the subtractions deﬁning the sites.
Abbreviations: pers: person, stat: static, gras: grasping.a signiﬁcant 3-way interaction (F1,17 = 17.02, p b 0.001) for the right
site, but not the left (F1,17 = 0.04, p N 0.80). Thus the interaction
between action and person, characteristic of phF5c, depends more on
ﬁxation position in the right hemisphere than in the left.
In Experiment 4 after averaging over all frame rates, a random ef-
fects analysis with SVC yielded, consistent with the above analysis
(see Experiment 4), 12 signiﬁcant voxels in right ROI (LM 46,−4, 46,
t = 2.5, p b 0.02) but only 4 voxels in left ROI (LM −50, 2 50, t =
1.97, p b 0.03). Separating the runs with right and left ﬁxation targets
yielded 13 and 3 signiﬁcant voxels respectively in the right ROI. Thus
as in Experiment 3, right phF5c showed more interaction for the right
ﬁxation position, i.e., when the actual grasping took place in the left vi-
sual ﬁeld.
Experiment S2
To conﬁrm the dependence of right phF5c on ﬁxation position, we
moved the ﬁxation point 2° higher (Fig. 1d) in Experiment S2. The
change in ﬁxation point position had a clear effect on right phF5c,
with the interaction vanishing when the ﬁxation point was raised
(Fig. 10a). The 3-way interaction (action × person × ﬁxation position)
showed a trend towards signiﬁcance (F1,6 = 2.7, p = 0.1).
Experiment S3
The strong inﬂuence of ﬁxation position on hpF5c responses raised
the question of how active F5c would be if no ﬁxation point were to
be presented and subjects were required only to look at the videos. To
answer this question, in Experiment S3, we compared the activity of
right hpF5c when subjects ﬁxated, as in all other experiments
Fig. 7. Experiment 3: Local maxima (white squares, p N 0.01 uncorrected) of the interaction
person-action in 18 individual subjects, superimposed on the group interaction site
(colored voxels, p b 0.001 unc) in right PCSi, shown on ﬂat map.
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cades differed markedly in the two conditions. The subjects made
8 saccades/min when instructed to ﬁxate, compared to 64 saccades/
min with the ﬁxation point absent and subjects were merely asked to
inspect the videos. This difference in oculomotor behavior (Fig. 2) had
a clear effect on right phF5c. Using a random effects analysis and a
small volume correction with the same a priori ROI as used in Experi-
ment 4, we obtained 8 voxels showing a signiﬁcant interaction in the
runs with ﬁxation compared to a single voxel in the no-ﬁxation runs.Fig. 8.Experiment 4: a–b:ﬂatmaps showing locations of the localmaxima of the interaction in le
acting (blue) and hand grasping (green) as a function of frame rate in left (dashed lines) and rig
bars in c–e: SE across subjects. Colored squares in a: yellow center of the a priori ROI (−48, 0, 48
20 fr/s:−40,−2 36, t = 2, p b 0.04; blue : LM at 28 fr/s−44, 0, 46, t = 2.9, p b 0.008;−48, 2, 5
14 fr/s: 50,−4, 48, t= 2;4, p b 0.02; 38,−2, 36 t=2.1, p b 0.03; 42, 2, 52, t=2.0, p b 0.04; pink
The plots of c–e are based on the 8most signiﬁcant voxels after SVCwith 1.3 b t b 2.4 (left) and 0
(left) and 1.6 b t b 2.8 (right) for 28 fr/s.Furthermore the LM in the ﬁxation runs (50, −4, 50) was very close
to the local maxima obtained in Experiments 3 and 4, while the single
signiﬁcant voxel in the no-ﬁxation runs was located more anteriorly
(46, 10, 46). Plotting the proﬁles for the two maxima (Fig. 10b) shows
thatwhile there is a clear visual response to person acting in theﬁxation
runs (acting person vs ﬁxation t8 = 2.5, p b 0.04), there is none in the
no-ﬁxation conditions (50,−4, 50, t8 = 0.27, p N 0.6; 46, 10, 46, t8 =
0.15, p N 0.7). Hence, an interaction between the factors action and per-
son reﬂecting the visual response to person acting was present when
the volunteers maintained ﬁxation, but not when they simply watched
the videos. The eye recordings (Fig. 2) indicate that subjects rarely ﬁxat-
ed the hand grasping the target in those conditions. This conﬁrms and
ampliﬁes the results of Experiments 3,4 and S2, indicating that, at
least in right hpF5c, themirrormechanism is activated by action stimuli
in central vision, while its activation is much reduced for actions in pe-
ripheral vision.
Discussion
Our results show that a sector of human PMv, which is larger in the
right hemisphere, becomes active during the observationof grasping ac-
tions, but only if the person performing these actions is visible. In the
monkey this property characterizes a speciﬁc sector of PMv: area F5c.
Interpretation and limitations of the study
Videos showing an actingperson or graspinghanddiffer in a number
of visual properties. Hence rather than reﬂecting thepresence of the act-
ing person, the response speciﬁcity of monkey F5c and phF5may be ex-
plained by some low-level visual property. The new stimuli used in
Experiments 2–4, S2–3 represented an attempt tominimize such differ-
ences and to test whether the “acting person” effect persists, despite
changes in visual stimulus characteristics. The results observed inft (a) and right (b) PMv; c: plot of differential activation (in % of average activity) for person
ht (solid lines) phF5c; d–e: activity proﬁle for 20 fr/s in left (d) and right (e) phF5c. Vertical
)white: LM at 14 fr/s:−52, 0, 50, t=2.4, p b 0.02;−44, 2, 50, t= 2.1, p b 0.03; pink: LM at
0, t = 2.5, p b 0.01; colored squares in b: yellow: center of the ROI (48, 0, 48); white LM at
: LM at 20 fr/s: 44,−2, 48, t=3.7, p b 0.003; blue: LMat 28 fr/s: 46, 0, 40, t=2.8, p b 0.008.
.85 b t b 3 (right) for 14 fr/s, 1.3 b t b 2 (left) and 2.6 b t b 3.7 (right) for 20 fr/s, 2.3 b t b 2.9
Fig. 9. Experiment 3: Activity proﬁles of left (a, c) and right (b, d) phF5c plotted separately for runs with ﬁxation to the left (a, b) and right of target (c, d). Red outlines indicate regions
contralateral to the target, i.e., where the actual grasping takes place in the contralateral hemiﬁeld. Vertical bars indicate SE across subjects. The three-way interaction between factors
person, action, and ﬁxation positionwas signiﬁcant for right phF5c (F1,17= 17.02, p b 0.001), but not left phF5c (F1,17= 0.04, p N 0.8). The two-way interaction between action and person
factors was signiﬁcant in all four panels: F1,17 = 6.2, p b 0.025 (a), F1,17 = 35, p b 0.001 (b), F1,17 = 11.3, p b 0.005 (c) and F1,17 = 10.4, p b 0.005 (d), but the response to static hand was
strongest in panel B.
262 S. Ferri et al. / NeuroImage 111 (2015) 251–266three monkeys and over ﬁfty human subjects, combined with those of
Nelissen et al. (2005) showed that the cortical activation pattern
remained similar for a range of frame rates and for the “old” or “new”
videos. In particular, Experiments 1 and 3 independently yielded inter-
actions in virtually identical ventral premotor regions and mutually
support each other, at least with respect to the identiﬁcation of right
phF5c. In these experiments we used an uncorrected signiﬁcance level
of p b 0.001. This level is appropriate for interactions, which are differ-
ences of differences and for which the variances therefore sum. This is
supported by the speciﬁc activity proﬁles obtained in earlier studies
using this threshold (Abdollahi et al., 2013; Georgieva et al., 2009;
Jastorff et al., 2012b; Peeters et al., 2009). Furthermore, in Experiments
1 and 3 the right phF5c reached FWE corrected signiﬁcance at the
cluster level.
With the new stimuli the left and right phF5c sites shared all four
characteristics of the monkey F5c proﬁle, which was unique with re-
spect to other monkey premotor areas. The strength of the argument
lies in the identical fMRI responses to stimuli that rely on properties of
neurons present in the monkey area: in this case the visual responses
of premotor neurons to observed actions (i.e., the presence of neurons
with mirror properties). It is not at all necessary that the humanMR re-
sponses capture the mirror neurons' properties in detail; they should
capture only themonkeyMR responses' details. The assumption under-
lying our strategy is simply the responsiveness of a fraction of F5c neu-
rons to observed actions, i.e., the mere presence of mirror neurons in
F5c, which is well established (Kilner and Lemon, 2013; Rizzolatti
et al., 2014 for review). Indeed the visual fMRI responses of F5c (and
phF5c) are unlikely to reﬂect the canonical neurons, the other type of
visuo-motor neurons in F5, as the object, target of the action, was
present in the control conditions of the interaction as well as in theaction videos, and the F5c activation lateralization depended on the lat-
eralization of the action and not the object in the video. Our results need
not to imply that mirror neurons respond differentially to person acting
and grasping hand. While this is a possibility for F5c mirror neurons, or
at least some sizeable fraction thereof, it is unlikely to be a general prop-
erty of mirror neurons, given the present fMRI results and those of
Nelissen et al. (2005) indicating that F5a responds equally well to acting
person and grasping hand videos. Further work in themonkey, prefera-
bly combining single cell recordings and fMRI, is required to solve these
issues. Also, one should not necessarily derive from our results that
observed actions are processed in the same way in F5c of both species
(see Differences between phF5c and F5c).
While the size of the right phF5c corresponds to what onemight ex-
pect given the nine-fold increase of the overall cortical surface of
humans relative to monkeys (Van Essen et al., 2012), the left phF5c
was found to have only twice the area of monkey F5c. More work is
needed to determine the actual extent of phF5c, which may have been
underestimated in our experiments, partially because it may appear
smaller at low frame rate. Furthermore, we used only grasping actions
whereasmany other motor acts are known to be coded in bothmonkey
and human ventral premotor cortex (see Rizzolatti et al., 2014).
PhF5c and F5c share the property that an acting person has to be vis-
ible in the videos in order to be activated. When we observe another
person acting in the daily life, the acting person is generally visible. It
is onlywhen an action is seen fromnearby orwhen the agent is partially
occluded that only the hand is visible. A person acting on an object is
ethologically the natural stimulus. It is possible therefore, that this is
the original evolutionary stimulus for mirror neurons, which attracts
the viewer's attention and, given that the observed agent makes an
intended action, triggers processes attempting to understand the
Fig. 10. a: Experiment S2: Activity proﬁles of right phF5c (109 voxels fromExperiment 3) in 7 subjects common to Experiments 3 (only runswith right ﬁxation) and S2. Same color code as
in Fig. 5. The interaction proved signiﬁcant for ﬁxation down (Experiment 3, F1,6 = 25, p b 0.005, left), but not for ﬁxation up (Experiment S2, F1,6 = 0.2, p N 0.6, right). b: Experiment S3.
Activity proﬁles of 8most signiﬁcant voxels after SVC in the a priori ROI derived from Experiment 3, for the ﬁxation runs (left, ‘yes’, orange hatching) and no-ﬁxation runs (middle & right,
‘no’, yellow hatching). For the ﬁxation runs the LM (50,−4, 50, t = 2.25, p b 0.03) was locatedwithin 5 mm of the LM in Experiment 4, for non-ﬁxation runs the LM (46, 10, 46, t = 2.09,
p b 0.04) was located atmore than 10mm from the LM in Experiment 4. The visual response to the person acting was signiﬁcant in the ﬁxation runs (‘yes’, paired t test with ﬁxation t8 =
2.5, p b 0.04), but not the non-ﬁxation runs (‘no’, t8 = 0.27, p N 07 for 50,−4, 50, and t8 = 0.15 p N 0.7 for 46, 10, 46). Vertical bars indicate SE across subjects.
263S. Ferri et al. / NeuroImage 111 (2015) 251–266agent's intention. If this interpretation is correct, onemay speculate that
area F5a, which responds to both the acting person and grasping hand,
is an evolutionarily more “advanced” area that has achieved invariance
over observational distance and, by focusing attention on the acting ﬁn-
gers, provides further information on the agent's future acts according
to hand shape/object affordance relationship.
Supporting evidence
The present experiments provide compelling evidence for the
homology of phF5c with F5c. However, this evidence rests on a single
functional stimulus characteristic, the presence of the actor in the
scene, even if repeatedly tested and generalized over several low-level
features. Additional support for the homology between F5c and phF5c
is provided by studies showing that phF5c shares some functional prop-
erties with F5c and has similar topological relationships (Orban et al.,
2004). Fig. S4 shows the data from Jastorff et al. (2010). These data indi-
cate that theminiROIs 8–11 in theRHare activatedmore strongly by ob-
servation of mouth and hand actions than of foot actions. This ﬁndingﬁts well with the extensive representation of the hand and mouth
found in F5c (see Rizzolatti et al., 2014). As far as the topological rela-
tionships are concerned, it has been suggested that the boundary be-
tween human PMd and PMv lies just ventral to the junction of SFS and
PCS – Z = 50 in Talairach coordinates (Rizzolatti and Arbib, 1998;
Rizzolatti et al., 2002) – a position conﬁrmed byDTI connectivity studies
(Schubotz et al., 2010; Tomassini et al., 2007). Hence the location of
phF5c, although rather dorsal, is well inside human PMv.
In themonkey, PMv includes F5a, F5p and F4, in addition to F5c. It is
premature to postulate homologues of these other PMv subdivisions,
except possibly for F5a. Indeed, a ventral premotor disparity-sensitive
region, showing an interaction between surface and stereo, tracking
the presence of higher order disparity neurons, and documented in
monkey F5a (Joly et al., 2009; Theys et al., 2012), is located below
right phF5c (black arrow in Fig. S4, Georgieva et al., 2009), just as F5a
neighbors F5c in the monkey, suggesting that topological relationships
are retained in the two species. This relative position of phF5c and pos-
sible homologue of F5a, is very similar to the locations of 6r and 6v pro-
vided byNeubert et al. (2014). Themain difference is that the functional
264 S. Ferri et al. / NeuroImage 111 (2015) 251–266deﬁnition of the F5c and F5a homologues is more restricted than the
connectivity based deﬁnition of these homologues, leaving room for
the homologues of F4 and F5p. The present results are also consistent
with earlier reports showing that human PMv is not a single area
(Amunts et al., 2010; Schubotz et al., 2010). Further work is needed to
clarify the exact relationship of human PMv parcels to monkey subdivi-
sions of PMv.
Differences between phF5c and F5c
The present results also document two differences between phF5c
and monkey F5c.
First, phF5c is activated by observing the end-point of grasping,
when the hand is about to contact the object, while monkey F5c is acti-
vated by observing the earlier hand-shaping stage of grasping. This is
consistent with the results of Maranesi et al. (2013) and Umiltà et al.
(2001) indicating that the ﬁring of mirror neurons in the monkey
anticipates the action, provided the monkey can predict the goal of
the evolving motor act under observation. However, since we studied
only average responses of phF5c, we cannot exclude the possibility
that some fraction of its voxels behave like their monkey counterparts.
In addition, phF5c, particularly in the right hemisphere, seems sensitive
to observing grasping only within a few degrees of the ﬁxation point
(Experiments 1, S1, 3, 4, S2), whichmay seem to contradict the require-
ment of the actor's presence within the video. However, the latter re-
quirement may reﬂect a facilitatory surround mechanism, while the
excitatory center of the putative receptive ﬁeld is sensitive to the hand
enclosing the object. Center-surround interactions are well established
in the visual system (Orban, 2008), and have been observed in parietal
cortex (LIP, Falkner et al., 2010), yet it is fair to say such mechanisms
have yet to be described in premotor cortical areas. If the centers of
the putative receptive ﬁelds, sensitive to the contact between the grasp-
ing hand and object, were small and concentrated in the central visual
ﬁeld, only grasping near the ﬁxation point would be effective. The
recent results of Maranesi et al. (2013) have indeed indicated that the
discharge of more than half of the recorded F5 mirror neurons (38/71)
was gaze dependent, being signiﬁcantly stronger in trials in which the
monkey looked at the action compared with those in which it did not
look. Thus central vision seems be specialized not only to see the detail
of objects but also of actions, even if underlying mechanisms might be
very different.
Whatever the mechanism, the exquisite sensitivity of phF5c to cen-
tral vision, as well as its sensitivity for the actual grasping, which is to
say contact with the object, match the oculomotor behavior of human
subjects executing or observing manipulative actions described by
Flanagan and Johansson (2003). These authors showed that individuals
observing manipulative actions shift their gaze to the forthcoming con-
tact point and stay on this target until the action is accomplished, just as
the actors themselves do. The oculomotor behavior observed in the no-
ﬁxation runs of Supplementary experiment 3 seems at ﬁrst glance to
contradict the observations of Flanagan and Johansson (2003). There
are however many differences between the two studies, both in stimuli
and instructions. In the present study brief actions were presented re-
peatedly in the center of a head-mounted display, while in Flanagan's
study subjects freely viewed long action sequences occupying varying
locations against a black background.
This combination of sensitivity for central stimulation and for the ac-
tual graspingmight also explain the lack of activation of phF5c in theno-
ﬁxation runs of Experiment S3. Indeed actual grasping occurs in the
videos only 24 times per run (4 times per block, 6 blocks). If this rela-
tively infrequent stimulus is in addition infrequently ﬁxated, the num-
ber of stimuli driving phF5c will be insufﬁcient to evoke a statistically
signiﬁcant response from phF5c, as was indeed observed. Thus, the
no-ﬁxation condition should not be taken as evidence that phF5c is
not functioning in active vision, rather its activity simply could not be
captured in the no-ﬁxation runs by fMRI, which relies on averagingand thus requires frequent ﬁxation of actual grasping (hand on object).
Finally it is worth noting that the sensitivity of phF5c for central vision
and actual grasping may represent the neural basis of imitation, a func-
tion of humanmirror neurons (see Rizzolatti et al., 2014), which is poor-
ly developed, if even present (see Ferrari et al., 2006) in the monkey.
Imitation requires exactly this knowledge: a precise description of the
object and of the action executed upon it.
PhF5c also differs from monkey F5c with regard to hemispheric
asymmetries in size and response strength. If the smaller left phF5c
houses fewer neurons, and these have to cover the same area of the vi-
sual ﬁeld as those in right phF5c, their visual receptive ﬁelds, or at least
their excitatory centers (see above), must necessarily be larger. Hence
the left phF5c should be less sensitive to the positions of actions in the
visual ﬁeld than its right counterpart, as was indeed observed in Exper-
iment 3 & 4. On the other hand, the right phF5c with its smaller RFs (or
their excitatory centers) should be sensitive to slower speeds, as sug-
gested by Experiment 4. Indeed animal studies indicate that smaller
RFs are responsive to slower speeds (Orban et al., 1986).
One possible explanation for the small size of left phF5c is the prox-
imity of the speech areas. The increase in cortical space devoted to
speech might have decreased that related to action understanding and
imitation in the left hemisphere. The presence in the vicinity of left
phF5c (Fig. S5) of a small area activated by intelligible speech (Joly
et al., 2012)may be taken as a suggestion that part of F5c devoted to ob-
servation of mouth actions has transformed into a speech-processing
region, consistent with the lack of responses to the observation of ma-
nipulative mouth actions in left PMv (Jastorff et al., 2010). A possible al-
ternative explanation lies in the 2D presentation of the action videos.
Indeed preliminary results (Jastorff et al., 2012a) suggest that 3D pre-
sentation may enhance activity in left ventral premotor cortex. It is
worth adding that others have also reported asymmetries between
left and right PMv for observation of hand movements (Caspers et al.,
2010; Grosbras et al., 2012). Ehrsson et al. (2000) reported stronger ac-
tivation of right PMv than the left during the execution of precision grips
compared to power grips.
Conclusions
Whatever the exact functions of right and left phF5c, the present re-
sults provides novel, compelling functional evidence for homology be-
tween monkey F5c and a subregion of human ventral premotor
cortex. While further conﬁrmation will be welcomed, this identiﬁcation
will open a path for new studies further characterizing further the prop-
erties of phF5c aswell as exploring the homology between the sectors of
F5 and the various areas of human PMv. The experiments were not
intended to localizemirror neurons in the human brain, only to identify
the homologue of one of the cortical areas housing such neurons in
monkeys. Yet the similarity in MR responses of phF5c and F5c and the
presence of mirror neurons in F5c strongly suggest that mirror neurons
are present also in phF5c, something that has so far proved difﬁcult to
establish (Dinstein, 2008; Kilner et al., 2009; Lingnau et al., 2009;
Oosterhof et al., 2012). Only direct electrophysiological recordings
targeting phF5c can provide a deﬁnite answer. Finally, the experiments
underscore the value of non-human primates as model of the human
brain, as it allows making areal predictions for the human cortex.
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